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Abstract
Gypsum wallboard undergoes calcination when exposed to heat. Quantitative analysis of the depth
of calcination caused by a fire is of great use in fire investigations. The rate and the depth of
calcination through the board are dictated by the heat and mass transfer through it caused by the
incident heat flux. The present study analyzes the calcination of gypsum in two phases: Phase 1
is a fully numerical analysis and Phase 2 includes both experimental and numerical analysis.
Phase 1 explores the impact of the position of the fire on the depth of calcination. The history of
incident heat flux and the surface temperature of a gypsum board exposed to a constant heat release
rate fire have been predicted using Fire Dynamics Simulator (FDS) for different distances from
the burner. The numerical predictions have been verified to be independent of the computational
domain and the mesh. The computational model has been validated by comparing the numerical
predictions with experimentally measured heat flux and temperature available in the literature. The
predicted histories of heat flux and surface temperature from FDS have been used as boundary
conditions to predict the depth of calcination of the gypsum board using a validated in-house onedimensional unsteady computational model that solves the mass, species, momentum, and energy
conservation equations assuming local thermodynamic equilibrium. The dehydration of the
gypsum board, coupled with the heat and mass transport through it, has been modeled by
considering the gypsum board as a homogeneous porous material. The model predicts the rate of
gypsum calcination and helps to quantitatively analyze fire patterns on gypsum boards exposed to
fire at varying distances. As the fire moves away from the gypsum board, the incident heat flux,
and the rate calcination decrease. The non-linearity in the velocity of propagation of the
dehydration front has been analyzed for different distances from the fire.
Phase 2 compares experimental results of gypsum calcination to the results predicted by a
numerical model. Controlled laboratory-scale experiments are conducted with gypsum wallboard
exposed to a uniform heat flux. During this exposure, the internal temperature profile is recorded
using an array of 12 thermocouples, placed at different depths inside the gypsum board, and the
depth of calcination is measured. The effects of heat flux and the duration of exposure on the
depth of calcination are quantified. The same constant heat flux is used as an input into the
numerical model to predict the depth of calcination of the gypsum board. The internal temperature
profile from the experiments is compared to the temperature profile predicted by the model. The
percentage of dehydration predicted by the model is compared to the depth of calcination measured
in the experiments. The nonlinearity in the propagation of dehydration front during gypsum
calcination has been explored in the combined experimental and numerical study.
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1.

Introduction

1.1. The Science of Fire Investigations
When disasters strike, it is human nature to want to know what exactly happened – to determine
where it started and how. When a fire occurs, that intrinsic desire doesn’t disappear. Humans
have been investigators since their beginning, gathering facts and evidence to reach their own
conclusions. These same principles can be applied to the science of fire investigation. Fire
investigators use their knowledge along with their observations to help determine exactly where
and how fires begin.
To do this, fire investigators rely on numerous things to gather enough evidence. These things are
mainly comprised of three categories: (1) witness statements, (2) fire dynamics (that is, how did
the fire act, burn, and move through the structure), and (3) fire patterns [1]. Witness statements
allow the investigator to talk to those who saw the fire or know something about it. Fire dynamics
requires the investigator to evaluate what a fire would be expected to do in the environment of the
fire. More fuel means that the fire will burn more, and thus an investigator can expect more
damage. Proper fire dynamics analysis also influences the data gathered from witness statements
and fire patterns. It can corroborate or disprove what a witness says and provide context to the
fire patterns seen in the structure.
The third piece of evidence, fire patterns, is the most crucial piece fire investigators rely on. Fire
pattern analysis involves the systematic evaluation of the relationship between fire effects. Fire
effects are different ways the fire effects its surroundings in a way that is measurable or visible.
This can include many things such as melting, charring, soot deposition, or mass loss. A
photograph with examples of multiple fire effects is shown in Figure 1. Another fire effect that is
constantly being researched, and is the topic of this article, is gypsum calcination.

Figure 1. Picture showing
examples of fire effects.
Blue square highlights
soot deposition. Green
arrow pointing to mass
loss of chair. Red arrow
pointing to charring of
arm rest. Yellow line is
line of demarcation
between areas of wall with
soot.

1

Experimental and Numerical Investigation of Gypsum Calcination under Fire Exposure
1.2. The Science of Gypsum Calcination
One of the fire effects that is still being researched is the calcination of gypsum wallboard.
Gypsum is the primary component of most commercial drywall boards. Gypsum is primarily
comprised of two components – water and calcium sulfate. In most gypsum boards, the drywall
is about 21% water, most of which is chemically bound to the calcium sulfate. When exposed to
a high heat, such as that in a fire environment, the water in the gypsum board also heats, and as
water heats it begins to boil and evaporate. The evaporated water leaves the board through its
pores, leaving the gypsum in a dehydrated state. This entire process is called calcination, or the
dehydration of that chemically bound water from the board. Calcination occurs in two stages, the
first of which occurs around 100°C and the second around 700°C [2].
The process of calcination does not occur all at once, however. Numerical models [2], such as the
one utilized in this study, model gypsum calcination using percentage of dehydration. Using this
data, a dehydration front can be interpolated. The dehydration front is simply the depth in the
board at which the gypsum is dehydrating. Since the heat must travel through the board from the
side exposed to the fire to the back, the water chemically bound to the gypsum at these points
doesn’t evaporate until it reaches a sufficient temperature. There have been many experimental
[3], theoretical [4], and numerical [5] [6] [2] studies examining the behavior of gypsum board
when exposed to fire. These previous studies have found that this rate of dehydration (that is, how
fast the dehydration front propagates through the board) is non-linear for constant fire exposure
[2]. This rate is also dependent on the heat flux (amount of heat per unit area exposed). The
greater the heat flux, the greater the rate of calcination [7]. This then means that areas of the
gypsum that have a greater measured calcination were exposed to a greater peak heat flux [2] [7].
This property is a key aspect as to why investigators use gypsum calcination to determine the
origin of a fire.
When the gypsum board is hydrated, it is strong and provides good fire resistive properties. When
one leans against it or provides any pressure to the board, it is easily able to support that force.
When the gypsum board is dehydrated, it loses much of its strength. If one goes up to a dehydrated
piece of gypsum board, they could easily push their hand through it.
1.3. Using Depth of Calcination in Fire Investigations
This brittle property of dehydrated (or calcinated) gypsum is of use to fire investigators. The
difficulty fire investigators have when fire damage is created remotely from the true origin has
been demonstrated by multiple studies [8] [9]. However, the properties of calcinated gypsum
allow investigators to measure the depth of the gypsum board for a depth of calcination. Using a
depth caliper or other similar measuring device, investigators systematically record measurements
of how far the caliper can push into the wall. This depth is then deemed as the depth of calcination
since the caliper will not easily push through hydrated gypsum. The analysis of these
measurements can be a key part of determining the origin of the fire [1].
As discussed earlier, gypsum does not dehydrate uniformly throughout a board. This means that
there will be difference in calcination when measured with a depth caliper. After all these
measurements are taken and plotted in a figure (such as the one below in Figure 2), the differences
in depths between measured points becomes clearer. These clear differences allow the investigator
to draw lines of demarcation. Lines of demarcation are lines that separate two separate areas of
2
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damage or visual appearance in fire investigations [1]. For gypsum calcination, these lines of
demarcation are utilized to separate areas of greater calcination from those of lesser calcination.
After all measurements are taken and graphed, the investigator can utilize their graph help
determine where the fire began. Since a greater calcination means a greater peak heat exposure,
the parts of the wall with a greater peak exposure could be due to that area being the origin or due
to a concentrated fuel load [7]. It is up to the investigator to determine which is the meaning of
the greater calcination.

Figure 2. Depth of Calcination contour plot example.
1.4. Differences in Analysis
However, it is important to note that this concept of greatest peak heat exposure is different than
what is defined in NFPA 921 (2021): The Guide for Fire and Arson Investigations. In section
6.3.8.2 of NFPA 921 (2021), it is stated that “The deeper the calcination into the wallboard the
greater the total amount of heat exposure (heat flux and duration)” [1].
As stated previously, current studies show that calcination could be more dependent on the peak
heat flux rather than total exposure. In a study by Kozhumal et al., they modeled gypsum
calcination using numerical methods for two different heat fluxes, 5 kW/m2 and 10 kW/m2. Both
of the modeled gypsum boards were exposed to the different heat fluxes for an amount of time that
corresponded with having identical values of total heat exposure (or total amount of heat energy
the gypsum was exposed to). This study found that despite having similar total heat exposure, the
10 kW/m2 exposure had a greater peak depth for calculated degree of dehydration [2]. Studies by
Fowlie et al. also found that the greater the peak heat flux, the greater the rate of calcination, which
could influence the depth of calcination more compared to total heat exposure [7].
1.5. Purpose
The use of fire modeling in fire investigations has also risen over the years [10]. More
comprehensive and in-depth studies are necessary to understand the relationship between the
history of fire spread and the depth of calcination. The ability to predict the depth of calcination in
a compartment fire will improve the reliability and accuracy of fire investigation conclusions. To
determine which influences the depth of calcination the most, further numerical and experimental
3
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analysis was performed. This analysis involved the comparison of numerically calculated degree
of dehydration with measured depth of calcination, analysis of heat flux exposure, and analysis of
temperature profiles inside the gypsum board. The results of this study were used to help further
validate the numerical calcination model [2] used and help guide future research on the subject.
1.6. Resulting Publications
The contents of this paper include work and findings that can be found in publications by the
author. These publications were each after the completion of a phase in this project (see Study
Design below). The primary numerical work was written, published, and presented at the 2020
Spring Technical Meeting of the Eastern State Section of the Combustion Institute in March of
2020 [7]. The numerical and experimental work was written, published, and presented at the 12th
US National Combustion Meeting hosted by the Central States Section of the Combustion Institute
in May 2021 [11]. The work and analysis that is the subject of these papers will be the basis of
this paper. Any specific findings of note that warrant citations will be cited as such.

2. Literature Review
The following section includes a literature review of previous work completed relating to gypsum
calcination that was of great importance to the foundation and subject of this study.
2.1. King, Beretka, and Ridge (1971) [3]
King, Beretka, and Ridge (1971) examines the fire resistive properties and chemical composition
of gypsum boards that are exposed to an Australian Standard Fire in small-scale testing [3]. The
specimens for testing were carefully prepared to ensure a consistent water content was achieved
in all the specimens. The specimens were prepared as several different thicknesses, with the
thinnest specimens having glass fibers worked into the back of the board to assist in limiting the
shattering of boards after prolonged heating. The specimens were exposed to the Australian
Standard Fire in a small-scale furnace. The specimens were weighted before and after exposure
to the fire. They were also weighed after conditioning and reaching an equilibrium weight after
cooling [3]. King et al. (1971) were able to predict the content of the chemical components present
in the gypsum based on the weight. The content of dihydrate in the fired material was calculated
from the loss in weight measured immediately after firing, and the increase in weight on standing
in the air gives a measure of the content of hexagonal calcium sulphate [3]. The specimens were
also x-rayed to gather further information on the composition of the specimens after exposure.
For comparing the changes in the composition of the gypsum board, King et al. (1971) considers
three separate phases: after the initial rapid increase in temperature of the board, half-way through
the period of slow heating, and at the point where the final rapid heating begins [3]. King et al.
(1971) found that after the first phase of rapid heating, a substantial part of the calcium dihydrate
has decomposed, in which the water has evaporated and left calcium hemihydrate in its place [3].
During the period of slow heating, x-ray diffraction showed that only 2/9th of the calcium
hemihydrate from the first rapid phase remains [3]. However, all the leftover calcium dihydrate is
still present. At the beginning of the second rapid rise in temperature, it is evident that there is no
more calcium dihydrate remaining, indicating the board is fully dehydrated [3].
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King et al. (1971) marks some of the earliest quantifications of the stages of gypsum calcination.
King et al. (1971) describes the calcination of the gypsum board in three stages quantified by 3
heating schemes. This isn’t much different than the present understanding of gypsum calcination
[3]. The biggest difference is that calcination is considered in two reactions, the first rapid heating
phase and the second rapid heating phase. The region of slowed heating (or plateau) is between
the two reactions in which the internal temperature must rise to a point where there is enough
thermal energy present for the second reaction to begin [2]. Understanding the foundations of
gypsum calcination is critical to being able to model and properly quantify gypsum calcination
through numerical methods.
2.2. Mehaffey, Cuerrier, and Carisse (1994) [5]
Mehaffey, Cuerrier, and Carisse (1994) explores another model for predicting internal
temperatures of gypsum board, except unlike most modern models Mehaffey et al.’s (1994) model
focuses only on heat transfer and ignores mass transfer. This heat transfer model accounts for
enthalpy, densities, and internal heat generation rates [5]. Mehaffey et al. (1994) utilized sound
thermophysical data for their formulations and boundary conditions, helping attribute to accuracy
of their model [5]. The model itself was written in Microsoft FORTRAN utilizing a finite
difference technique to solve the two-dimensional partial differential equations at the core of their
model [5]. Mehaffey et al. (1994) then used their model to compare the predicted results to the
actual results from fire resistance testing [5]. Mehaffey et al. (1994) claimed that after this testing
there was good agreement between the experimental values and the actual values predicted by the
model [5]. However, Mehaffey et al.’s (1994) model had issues with predictions at both the fire
side and the ambient side of some of their tests. In these cases, the model’s predicted values were
high on the exposed side and low on the ambient side, an issue Mehaffey et al. (1994) attributed
to assumptions about radiant heat energy and moisture accumulation [5].
The inaccuracies Mehaffey et al. (1994) sees in their model is of some concern, but most
concerning is the lack of even attempting to account for mass transfer. Given the time in which
the experiments were conducted, it makes sense why they chose not to consider it. However, with
modern advancements and increased understandings, accounting for mass transfer is crucial. Thus,
the actual results can be of question, but the basic principles driving the formulation of the model
are of interest. Such early models and understandings are what is built upon using modern
knowledge and technology to create more accurate models for gypsum calcination, such as our
model.
2.3. Axenenko and Thrope (1996) [12]
Axenenko and Thrope (1996) examines gypsum calcination as a numerical algorithm dependent
on heat transfer [12]. In this work, they look solely at a uniform heat distribution and its effects
on energy conservation throughout the gypsum board. Their algorithm examines the movement
of heat due to convective heat transfer, thermal diffusivity, and thermal conductivity [12]. These
partial differential equations are partially discretized assuming shape function in terms of the xcoordinate (or depth) and temperature values being a function of time of each finite element mesh
at x-coordinates). From this, these equations were able to be parameterized and used to develop a
system of linear algebraic equations [12]. Axenenko and Thrope (1996) expand this model to
include a dehydration front with their calculation algorithm. Axenenko and Thrope (1996) argue
the stages of dehydration can be determined based on the internal temperatures of the board, since
5
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the dehydration process occurs in two distinct steps that begin at two distinct temperatures [12].
The different dissociation temperatures allow the model to predict the movement through the
board, assuming the transfer of heat is only in one direction [12]. When graphed, it can be clear
the instances in which dehydration is occurring due to a decrease in the rate of temperature increase
due to energy being used to disassociate and evaporate the water rather than raise the temperature
of the material [12].
Axenenko and Thrope (1996) validated their model based on available literature. Their
process, however, is now seen to be less accurate. By accounting for only heat transfer, there is a
large fraction of energy not accounted for. This results in differences from experimental values,
difference Axenenko and Thrope (1996) noted in their own study. However, they attributed this
difference to experimental setup and conditions rather than the conservation equations governing
their model [12].
This study is important more for foundation than anything. Much more accurate models
that account for mass transfer, momentum conservation, and a more enveloping energy
conservation have been developed (including the model we will be utilizing), making the actual
algorithm generated not useful. However, the principles Axenenko and Thrope examined with
regards to the propagation of dehydration fronts based solely on temperature is still of some use.
Even though our model utilizes air densities and vapor densities as a mean of tracking the
dehydration front, Axenenko and Thrope help develop a basis for gypsum thermochemistry that is
critical for accurate model development. Understanding the way heat interacts with bound water
and the material throughout the process is equally as important as the other aspects. This study
helps provide that piece of the puzzle.
2.4. Sultan (1996) [6]
Sultan (1996) utilizes similar thinking to Mehaffey et al. (1994) with the development of their
model, but importantly Sultan makes additional assumptions. Most importantly, Sultan (1996)
only looks at heat transfer as one-dimensional [6]. Sultan (1996) also completely ignores any
moisture migration through the board, but still accounts for heat absorbed in lieu of this migration
[6]. The purposes of Sultan’s (1996) model are similar to Mehaffey et al. (1994), with the purpose
being fire rating performance testing. However, Sultan (1996) argues their model does agree well
with experimental results for the temperatures across the board, lending to the belief that the basic
understandings and principles used are valid [6].
Similarly, to Mehaffey et al.’s (1994) model, limitations can be some cause of concern.
However, this more refined understanding provides a good basis and understanding of pervious
numerical investigation of gypsum exposed to fire. Even if the model by Sultan (1996) is not
explicitly concerned with gypsum calcination, it does account for other properties of gypsum when
exposed to fire that are useful for our future experiments.
2.5. Ang and Wang (2004) [13]
Ang and Wang (2004) utilize a model for predicting the internal temperatures of gypsum board
using only heat transfer [13]. However, in cases where the mass transfer and movement of water
through the board as it is dehydrating is slow, there can be significant inaccuracies with considering
only heat transfer. The mass transfer of water vapor through the board will also transfer energy,
6
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which in turns raises the temperature. Thus, boards where the movement of water is slow allows
greater time for energy transfer. To account for this, Ang and Wang’s (2004) model looks at the
energy from mass transfer as an equivalent specific heat, which in turn raises the entire specific
heat for the board [13]. This allows all the energy transfer to be examined from a heat transfer
perspective only, since all energy transfers are considered in the specific heat of the board.
With coming to this relationship, Ang and Wang (2004) made several important
observations with regards to gypsum thermochemistry. Ang and Wang (2004) argue that the size
of the fire load alone is not the factor that affects the movement of water through the board (which
is a result of dehydration in calcination) [13]. Rather, the rate at which the fire burns affects the
water movement in the board more significantly, causing Ang and Wang (2004) to have to
carefully consider it when deriving these equivalent specifics heats for their model [13]. Another
largely influential factor, as argued by Ang and Wang (2004), is the permeability of the board,
which is the rate at which water moves through the board [13]. Low values for permeability means
that water movement through the board is slower, and a high value for permeability means the
water movement through the board is faster. Further, Ang and Wang (2004) explain that since the
energy from mass transfer is dependent on the rate of water movement (which affects time for
energy transfer) and the subsequent development of a pressure building up in the pores of the
dehydration front, permeability is a large influence on the equivalent specific heat calculated [13].
Ang and Wang (2004) concluded that the lower the permeability, the slower the water moves
through the board and there is greater water retention, which in their study results in a higher value
for their equivalent specific heat [13].
One issue with this simplification is that there is no way to precisely determine
permeability coefficients for gypsum boards [13]. The authors utilized values determined from
previous studies they conducted, but that in itself has its own limitations. Like any numerical
model, if incorrect values are put into the model, the output will also be incorrect. With the ability
to model mass transfer explicitly, there is a question about the reliability and necessity of this sort
of simplification. None the less, the relationships discovered by Ang and Wang (2004) are
important for the further understanding of gypsum thermochemistry. These relationships and
values Ang and Wang utilize were helpful in the creation of our own model. The work by Ang
and Wang (2004) also helped reinforce the understanding of gypsum thermochemistry under fire
exposure.
2.6. Wakili, Hugi, Wullschleger, and Frank (2007) [14]
Wakili, Hugi, Wullschleger, and Frank (2007) examines the thermal behavior of gypsum board
under tested fire conditions [14]. This thermal behavior study utilized a 3D transient heat transfer
computer program that is based on energy balance techniques [14], a process similar to previous
works discussed. Through the utilization of this model, Wakili et al. (2007) examined how several
material properties would vary based on the temperature of the gypsum board. These material
properties included density, thermal conductivity, and effective heat transfer. Wakili et al. (2007)
argues that the process of gypsum calcination occurs in three steps by examining the derivative of
weight loss as a function of temperature [14]. They assert the first two calcination processes occur
consecutively, with the first of the two releasing around 75% of the chemically bound water, and
the second releasing the rest of the water chemically bound to the calcium sulfate [14]. These two
processes occur around 150°C. The next calcination process occurs around 700°C - 800°C.
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However, this process is explained by Wakili et al. (2007) to be the decomposition of calcium
carbonate in the board rather than any dissociation of chemically bound water [14]. Interestingly,
Wakili et al. (2007) did acknowledge the initial observation of mass loss as a function of
temperature only displaying two regions where mass of the board is loss significantly. The
examination of density as a function of temperature shows the same results [14].
This contradiction could be explained with some of the assumptions Wakili et al. (2007)
considered with their model. They modeled temperature on the fire side of the board as a boundary
condition, which they argue avoids the need to define convective and radiative heat transfers on
the fire side [14]. This also allows the assumption of a unidirectional temperature gradient [14].
Assumptions with regard heat transfer on the side from which the dehydration front is propagating
from could lead to oversimplifications of their model and result in some inconsistencies. They
also assumed chemically bound water disappears instantaneously after it is evaporated and did not
account for heat transfer as the dehydrated water propagates through the board [14]. Further, using
the derivative as a way of defining stages of calcination seems peculiar, given that the peaks they
focus on do not even occur at the beginning or ending of the regions defined by the graph of mass
loss over time.
Wakili et al. (2007) also examined how other important thermal properties are affected by
temperature of the gypsum board. Wakili et al. (2007) states the plausibility of the thermal
conductivity of gypsum remaining roughly constant throughout the steps of calcination. When in
the absence of phase changes, thermal conductivity changes very little at high temperatures [14],
which Wakili et al. (2007) uses as an argument to state the assumption of thermal conductivity
being a constant property is reasonable. Wakili et al. (2007) also validated whether the use of
constant values for properties such as thermal conductivity and effective heat capacity was
appropriate when compared to experimental data. Their analysis showed that the assumptions
made of constant values does cause a good correlation between the measured values from
experimentation and the values from the calculations [14].
Wakili et al. (2007) is important for our present study because it helps with the definition
of thermal properties of gypsum board under fire exposure. Not needing to account for every
single property being dependent on temperature and other properties of the gypsum board allows
for appropriate simplifications of the model while maintaining its accuracy. Wakili et al.’s (2007)
discussion of gypsum calcination processes also helps with foundational knowledge of the stages
of calcination for our model.
2.7. Kontogeorgos and Founti (2010) [15]
Kontogeorgos and Founti (2010) establishes the foundational principles used with our own model.
As stated in the previous discussion, prior numerical models for gypsum calcination only looked
at heat transfer in the material, neglecting to consider mass transfer in the material. Kontogeorgos
and Founti (2010) found that including of mass transfer leads to predictions that are more accurate
(when the predictions are compared to experimental results available in the literature) [15]. This
increase in accuracy and reliability is due to the additional energy that must be accounted for when
considering mass transfer. Kontogeorgos and Founti (2010) argue this energy difference is what
caused differences in only heat transfer models, and this consideration improves agreement with
experimental data [15]. Expanding even further, they assert that this additional energy considered
8
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in the dehydration process amounts to an increase in energy offered to the process of nearly 42%
[15]. This additional energy is seen when examining heat flux vectors before and after the
dehydration front. The case when only heat transfer is considered results in a lesser total heat flux
vector compared to Kontogeorgos and Founti’s (2010) model that accounts for mass transfer.
Additional heat flux near the dehydration front would affect its propagation and explains the
importance of considering mass transfer in gypsum calcination models [15].
Kontogeorgos and Founti’s (2010) model is validated against the available literature. They
used this same literature as the refrence for many of the values in their simulated gypsum board
and heat source. Based on that of the literature, they used a standard ISO 834-1 fire curve which
was utilized in fire resistance testing of building construction and components. This is the same
fire curve they used for predicting the values of their model.
Kontogeorgos and Founti’s (2010) work is important for our future work since it is the
foundational work for considering mass transfer in gypsum calcination models. Without this work,
there would be no guidance on the importance of mass transfer in the model. This has led to our
model accounting for mass, species, momentum, and energy conservation equations.
Kontogeorgos and Founti’s (2010) work laid the foundation upon which we are doing our own
numerical and experimental work, allowing us to build up the current understanding and generate
the most accurate model possible.
2.8. Kozhumal, Hicks, and Sezer (2019) [2]
Kozhumal, Hicks, and Sezer (2019) expands on the previous works and develops a more in-depth
model for gypsum calcination [2]. Kozhumal et al. (2019) develops a mathematical basis for its
numerical calcination model using mass, species, momentum, and energy conservation equations
[2]. These foundational principles allow the authors to render a one-dimensional, unsteady
computational model that can predict the dehydration and calcination of gypsum. Kozhumal et
al.’s (2019) model is discretized using a finite volume method, and time integrated using a fully
implicit Euler’s method [2]. This allows for the application of its governing conservation
equations at small, finite cells within the domain at each set time interval over the time integral.
These governing equations are in their own integral form and solved as a system of differential
equations prior to application on the discretized cells in the domain. This methodology allows
Kozhumal et al. (2019) to visualize the movement of the dehydration front through the gypsum
based on vapor densities along the board’s depth. Using this process, Kozhumal et al. (2019)
found that the relationship between heat flux and mass transfer, which are driving principles for
the generation of water vapor effecting vapor density in the gypsum board, is nonlinear [2]. The
vapor densities at different depths allows the visualization of how far the dehydration front has
traveled through the gypsum. Kozhumal et al. (2019) argues that the depth (from the front of the
board) that has the greatest vapor density is the depth of the dehydration front – asserting that the
greatest vapor density is within the dehydration front [2]. Kozhumal et al. (2019) then examined
the effect of heat flux on the propagation of the dehydration front. Kozhumal et al. (2019) argues
that the rate of dehydration is influenced more by the peak heat flux than the time-integrated, or
total, heat flux the board is exposed to [2]. This calls into question it is use by fire investigators,
who often use depth of calcination as a means of determining regions with the greatest total heat
exposure. However, Kozhumal et al. (2019) argues this assumption is not true and can result in
significant errors [2].
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Kozhumal et al. (2019) validated their model against available literature. The model
validation concluded that there are some differences in the predicted temperature than the
temperature listed in literature at different depths [2]. However, these differences only occurred
in the early stages of the calcination process, and after 20 minutes of exposure the predicted
temperatures from the model matched closely with the experimental observed temperatures from
the literature [2].
For examining the propagation of the dehydration front, Kozhumal et al. (2019) utilized 5
kW/m2 and 10 kW/m2 heat fluxes in their models. These two different heat fluxes allowed
Kozhumal et al. (2019) to explore differences the heat flux causes and how dehydration varies
based on time-integrated heat flux. However, Kozhumal et al. (2019) only used constant heat
fluxes from a single source in their model. As such, the findings can only be accurately applied to
scenarios with constant heat flux [2]. In the case of fire investigations, fires often do not have a
constant heat flux and consist of multiple fuel packages, so it is unsure whether the prior argument
of the current use of depth of calcination having significant errors is true. Further testing with
variable heat fluxes and multiple fuel loads is necessary.
This study will be useful going forward since the model it discusses will be the model
utilized for predicting heat fluxes numerically. The model has undergone revisions that allow for
more accurate calculation of mass, heat, and energy transfer through the board. The numerical
predictions will be compared to our experimental work to help further validate the model and
explore real-world applications with regards to actual depth of calcination measurements.

3.

Study Design

3.1. Phase 1: Numerical Methods Using FDS and Numerical Gypsum Thermochemistry
Model
The first phase of the present study was completed using only numerical methods. The primary
purpose was to explore difference in calcination based on variations in heat flux exposure
throughout the heating period. Gypsum calcination was predicted using a numerical gypsum
thermochemistry model developed by Kozhumal et al. [2]. A requisite boundary condition input
for the model is heat fluxes. These heat fluxes were predicted using Fire Dynamics Simulator
(FDS), which is developed by the National Institute of Science and Technology (NIST). FDS was
utilized to predict a time-based incident heat flux history that was utilized as the boundary
conditions of the numerical model.
3.2. Phase 2: Experimental Methods and use of Numerical Gypsum Thermochemistry
Model
The second phase explored the relationship between depth of calcination and constant heat flux
exposure. This relationship was examined both experimentally and using the numerical gypsum
thermochemistry model, with the values being compared to help further validate the numerical
gypsum thermochemistry model. Experiments included exposing gypsum wallboards to a constant
heat flux. A constant heat flux was then utilized in the gypsum thermochemistry model to provide
accurate comparisons between the findings in the experimentation that of the numerical model.
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4.

Numerical Methods

4.1. FDS Model
The first phase of the study is carried out using Fire Dynamics Simulator (FDS), developed by the
National Institute of Standards and Technology (NIST), for the prediction of heat fluxes from the
fire. For the three-dimensional fire simulations, the turbulent flow is simulated using Large Eddy
Simulation (LES) with a time marching scheme for the momentum transport. The effect of
combustion and radiation are accounted for using source terms in the energy transport equation.
The energy conservation equation is defined implicitly via the divergence of the flow field, which
contains the combustion and radiation source terms.
4.1.1. Domain Independence and Mesh Refinement
The model in Phase 1 contains a wall that is 5 meters long and 2.3 meters tall, with a propane
burner located along its midpoint. The distance from the wall varies by test. The computational
domain has been arrived at after systematic domain independence study to allow flow dynamics
around the burner and the wall. A similar independence study is performed on the computational
domain units, or mesh, in order to ensure the most accurate simulation of flow, energy transport,
and heat transfer.
Domain independence began with the selection of domains to be tested in the x-, y-, and zdirections. The other dimensions were held constant as the dimension of interest was changed.
FDS simulations utilizing all the same input values and run times. A comparison of mean heat
flux exposure to the wall was compared for each time step because heat flux prediction is the
purpose of our model. The model is considered independent of the domain (that is, the results
are not affected by the domain), when there is little variability between tests. First, the model
was found independent of the domain in the z-direction. Next the domain independence study
was conducted in the x-direction. Finally, the study was conducted in the y-direction. The
results for the z-, x-, and y-domain tests are show below in Figure 3, Figure 4, and Figure 5,
respectively.
After the domain independence study was completed, a mesh refinement study was conducted to
ensure the model’s results are independent of the dimensions of the computational mesh used.
Two separate mesh resolutions were used: one for the area immediately around the burner and
another for the rest of the model. The area round the burner was defined as 1 m to each side in
the x-direction from the center point of the burner, 1 meter away in the y-direction from the
center point of the burner, 1 meter away in the y-direction from the wall, and the entirety of the
z-domain. This comprised an area that was 2 meters by 2.2 meters by 2.58 meters with the
burner at the center of the base.
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Figure 3. The results from the
z-domain refinement tests.
Graph shows the average heat
flux (kW/m2) of all heat flux
gauges at each second.

Figure 4. The results from the
x-domain refinement tests.
Graph shows the average heat
flux (kW/m2) of all heat flux
gauges at each second.

Figure 5. The results from the
y-domain refinement tests.
Graph shows the average heat
flux (kW/m2) of all heat flux
gauges at each second.

First, the outer mesh was refined. Similarly, to the domain independence study, the same input
values and time step scheme were utilized for each test. The average heat flux at each time step
of the different domains were compared until minimum change was detected. Another
contributing factor to the mesh resolution was computational demand. Due to the computer
capabilities available, a super-fine mesh was not able to be utilized. This limiting factor also
contributed to our mesh selection. After the outer mesh was refined the inside mesh was refined.
The results of the outer mesh refinement and inner mesh refinement are shown in Figure 6 and
Figure 7, respectively.

Figure 6. The results from the outside mesh
refinement tests. Graph shows the average
heat flux (kW/m2) of all heat flux gauges at
each second.

Figure 7. The results from the inside mesh
refinement tests. Graph shows the average
heat flux (kW/m2) of all heat flux gauges at
each second.
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4.1.2. Model Selection
After the completion of the domain independence and mesh refinement studies, a final model
was selected. The selected domain is 10 meters parallel to the wall (in the x-direction), 3 meters
normal to the wall (in the y-direction), and 2.6 meters tall (in the z-direction). The inner
computational mesh selected is 5cm per computational cubical area. The outer computational
mesh selected is 20cm per computational cubical area.
Along the center of the wall, a vertical array of heat flux gauges and thermocouples are placed at
0.15-meter intervals. For analyzing the effect of the burner location, a 15 x 15 array of heat flux
gauges on the wall is used. There is an additional vertical array of thermocouples that are placed
every 0.05 meters above the center of the pan fire.
4.1.3. Model Validation
The model has been validated by comparing the numerical predictions to the experimental
measurements from the available literature [16]. Experiments were conducted with square propane
burners with different edge lengths and heat release rates (HRR) and the wall heat fluxes from
fires were recorded. Numerical simulations have been carried out to mimic the experiments in the
literature [16]. The maximum heat flux for each case has been compared as shown in Figure 8.
The length of the sides of the square burner for each experiment (L) is displayed next to the
corresponding point on the graph.
The predicted maximum heat flux to the wall is close to the experimental measurements at higher
heat release rates. However, at a low HRR of 56 kW from a large burner with 0.7 m sides, the
difference is significant. This suggests that the model is reliable at higher fuel flow rates and heat
release rates per unit area. Therefore, it was concluded that the model can predict the maximum
heat flux more accurately for fires with higher HRR and lower pan size. Hence, a 100-kW fire with
a burner edge length of 0.40 m has been used to analyze the effect of the distance from the wall on
the wall heat flux and depth of calcination. This HRR and pan size ensure a large enough heat
release rate per unit area and a high enough fuel flow rate for the model to still be accurate for the
prediction of heat flux to the wall.
4.1.1. Properties and Procedure
For the numerical study conducted in Phase 1, A 100 kW burner, fueled by propane was used [17].
The soot yield has been specified as 0.015 kg/kg. The radiative fraction has been specified as 0.30
[17] as more complex radiation models demand much finer meshes. These finer meshes and
radiation models require significant computational power which the computers we utilized for this
study did not possess. Specifying an approximate radiative fraction would allow us to
conservatively predict heat flux values and determine trends in gypsum calcination while still
maintaining an economic simulation time.
The ramp-up time to maximum HRR was set to 10 seconds. 4 different simulations were carried
out with FDS, with the burner edge placed at 0 cm, 20 cm, 40cm, and 60 cm away from the wall.
The incident heat fluxes on the wall at a height of 60 cm above the burner and along its mid-plane,
obtained from the simulations, are extracted, and applied to the validated in-house gypsum
calcination model as the heat flux boundary condition to predict the depth of calcination.
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Figure 8. The comparison of the predicted maximum heat flux with different HRR from the
present study and the experimental measurements from [16]. L is the length of one side of the
burner.
The one-dimensional unsteady computational model solves the mass, species, momentum, and
energy conservation equations assuming local thermodynamic equilibrium. The rate and depth of
calcination with the burner at different distances from the wall have been analyzed.
4.2. Numerical Gypsum Model
The numerical gypsum thermochemistry model utilized in both phases was developed by
Kozhumal et al. [2]. This model is used for the analysis of calcination based on heat flux exposure.
The dehydration is modeled using heat and mass transport through the gypsum board. For the
model, the gypsum is assumed to be a porous material and homogenous (having the same material
properties throughout the board). The board is 12mm thick. For measurements, the 12mm point
is the surface exposed to fire. A diagram of the model is shown in Figure 9.
The versions of the model used in each phase are different. Updates to the model including a new
thermogravimetric analysis were implemented leading to more accurate results for the predictions
in Phase 2.
4.2.1. Use with FDS Model in Phase 1
In the first part of the current study, the primary use of the numerical gypsum calcination model
was to compare the changes in dehydration rates and profiles based on changes to heat flux. These
changes to heat flux were predicted using FDS, from which differences based on distance were
predicted. These predicted heat fluxes were utilized as boundary conditions of four separate
simulations using the numerical model. A degree of dehydration profile for the end of the 5-minute
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exposure as well at individual time steps were generated to help discern the effects of the variation
in heat flux boundary conditions.
4.2.2. Use with Experimentation in Phase 2
The second part of the current study, the experimentation phase, is carried out using the numerical
gypsum calcination model developed by Kozhumal et al. [2] and used in the numerical phase [7].
A key variable of interest is the transport of water vapor through the gypsum board since the
movement of water vapor is the key factor in gypsum calcination. This been analyzed numerically
by considering the diffusion of water vapor toward areas of less concentration and being driven by
a pressure gradient. This pressure gradient is simply the small increase in pressure of the pores of
the gypsum when the water evaporates. Due to the pores wanting to return to equilibrium, the
water vapor is driven from the board and allowed to evaporate to the surroundings. The constant
heat fluxes examined during experimentation are used as the heat flux in the model. The rate and
depth of calcination, as well as the temperature of the dehydration front, for different heat fluxes
have been analyzed.

Figure 9. Diagram of numerical model's geometry

5.

Experimental Methods

Gypsum boards with 12 mm thickness were placed in a steel frame which held the gypsum at a set
distance away from and parallel to a constant radiant heat source. The gypsum had a water-cooled
heat flux gauge at its center that was utilized to measure the heat flux the gypsum board was
exposed to. There was an array of 12 thermocouples placed at 1mm depth increments inside the
gypsum boards starting from 1mm from the surface exposed to the heat flux to the backside of the
surface (12mm). It is important to note that this orientation is different than that utilized in the
numerical model. Proper corrections were made during data processing to ensure the correct points
were compared. A diagram of the experimental geometry and thermocouple placement is shown
in Figure 10. Thermocouples are temperature measuring devices that utilize two dissimilar metals
and electrical current to detect changes in temperature.
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Figure 10. Diagram of experimental geometry and thermocouple placement.
Figure 11 is a photograph of the experimental set up. The experimental set up included the radiant
heat source, the gypsum board, the metal frame, the water-cooled heat flux gauge, and the
thermocouple array. While under constant exposure from the heat source, depth of calcination
measurements were taken using a spring-loaded, digital caliper (Figure 12). The depth
measurements were taken by holding the caliper perpendicular to the surface and applying a
constant pressure to the caliper. Spring loading the depth caliper ensure a constant resultant
pressure is utilized to measure the depth of calcination each time. If a manual caliper were utilized,
it would require the user to apply pressure which could vary between measurements and thus add
additional interference to the data measurements that would be very difficult to quantify. Constant
pressure helps minimize this interference. The caliper design and resultant pressure for the depth
probe are consistent with previous research by Mealy and Gottuk (2012) [18].
The depth measurements were taken and recorded every minute. The experiments continued until
the depth measurements or internal temperatures were reasonably constant, or until the depth of
calcination was measured as all the way through the board.
Four separate experiments were conducted in a controlled laboratory environment. For the
experiments, heat fluxes of 10 kW/m2, 20 kW/m2, 30 kW/m2, and 40 kW/m2 were used. During
the exposure to 10 kW/m2, 20 kW/m2, and 30 kW/m2, the board remained fixed at the same
distance away from the heater during the entirety of its exposure. During the 40 kW/m2, the board
had to be moved back for each measurement to be able to properly use the depth measurement
device without contacting the heat source.
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Figure 11. Photograph of the experimental set-up.

Figure 12. Digital, spring-loaded depth caliper used to measure depth of calcination.
6.

Results and Discussions

6.1. Phase 1
6.1.1. Wall Heat Flux
The net heat flux data from the heat flux gauge arrays for each test have been extracted and
analyzed. The results were displayed graphically as contour plots shown in Figure 13 and Figure
14. As expected, the net heat flux to the wall decreases as the distance from the burner to the wall
increases. The total area that receives any significant heat flux also changes as the distance to the
wall increases. The area of significant incident heat flux exposure at t=300 s for when the pan was
flush to the wall included the entire height of the wall and 0.50 m to the left and right of the
centerline (Figure 13). At that same time, when the pan was 0.60 m away from the wall, the area
which experienced a significant incident heat flux was only about 1.35 m up the wall but spanned
almost 0.75 m to each side away from the centerline (Figure 13). This suggests that when the pan
is flush to the wall, and even some when it is 0.20 m from the wall, a significant source of radiant
heat is from the plume. Comparison of the two cases where the pan is flush to the wall compared
to where the pan is 0.20 m away from the wall also illustrates that the limited air entrainment
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present while being against the wall as well as other buoyant forces acting on the plume account
for the limited breadth of heat flux exposure. In the D=0.20 m case, there is still evidence of the
plume contributing to the heat flux for distances further up the wall, but the breadth seen in the
D=0.60 m case is present in this situation as well (Figure 13). Similar relationships are seen in the
total time-integrated heat flux exposures for all four cases (Figure 14).
The area of highest heat flux changed for each distance as well when examining the t=300 s case.
When flush to the wall the area of highest heat flux is around 0.6 m above the burner. When the
burner is 0.60 m away from the wall, the region of the highest heat flux is approximately 0.3 m
above the burner (Figure 13). However, for the time-integrated heat flux, it appears that the
greatest total heat exposure occurs around 0.3 m for all four cases (Figure 14). The variation seen
in the t=300 s case could be due to burning of the paper layer of the gypsum or other buoyant

D = 0.0m

D = 0.20m

D = 0.40m

D = 0.60m

Figure 13. Heat flux profile for the wall at t=300.0 s. D is the distance of the burner from the
wall. The white line shows the burner location centered on the wall.

18

Experimental and Numerical Investigation of Gypsum Calcination under Fire Exposure
plume effects that happened to be captured at that particular time step. For the purposes of this
analysis, it appears that the time-integrated heat flux is a more reliant determinant of trends
between distances of exposure, whilst the t=300 s case is a good indicator of the behavior of the
fire and plume and its effect on the heating of the gypsum board.
The maximum peak incident heat flux exposure and the peak total time-integrated heat flux
exposure decreases as the pan moves further away from the wall. For the t=300 s and timeintegrated cases where D = 0 m, the peak occurs around 14 kW/m2 and 6750 kJ/m2, respectively.
For D = 0.60 m, the peak occurs around 4 kW/m2 and 1500 kJ/m2, respectively. For all cases in
both scenarios, the peak occurs at the centerline around 0.30 m up the wall. There is a significant
decrease in the peak incident heat flux at individual time steps, so it is expected to also see a
significant decrease in the peak total-heat flux exposure. This decrease appears to be non-linear
despite the increase in distances in this experimentation being done so in a linear fashion. This

D = 0.0m

D = 0.20m

D = 0.40m

D = 0.60m

Figure 14. Time-integrated heat flux profile for the wall. D is the distance of the burner from
the wall. The white line shows the burner location centered on the wall.
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shows that the distance in three-dimensional space and orientation of the heat source in
comparison to the target, in this case the gypsum wallboard, has a significant impact on the peak
heat flux and total heat flux exposures.
6.1.1. Degree of Dehydration
The depth of calcination of the gypsum board at a height of 60 cm above the burner and along its
mid-plane has been predicted using the computational model from Kozhumal et al. [2] with the
incident heat flux from the FDS at the point of 60 cm above burner and along its mid-plane as
the boundary condition. Figure 15 shows the propagation of the dehydration front through the
gypsum board at different burner distances from the wall. Comparing all the graphs and the
maximum total incident heat fluxes from Figure 14, it can be seen that as the incident heat flux
decreases, so does the rate of the gypsum dehydration. When the heat flux is at a maximum, so
is the rate of gypsum dehydration.
D = 0.0m

D = 0.20m

D = 0.40m

D = 0.60m

Figure 15. Profiles of the depth of calcination at different time instants with the incident heat
flux. D is the distance of the burner from the wall. The distance along the thickness of the
gypsum board is shown in the x-axis, where 12 mm represents the side exposed to the fire.
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Figure 16. Profiles of the depth of calcination after 5 minutes, for different locations of the
burner, where D is the distance between the burner edge and the wall. The distance along the
thickness of the gypsum board is shown in the x-axis, where 12 mm represents the side exposed
to the fire.
The profile for the percentage of dehydration through the board is very non-linear for all time
steps. There are three clear regions: a non-linear section that is less than 77%, a plateaued region
at 77%, and a different non-linear section greater than 77% (Figure 15). The rate of change based
on each time step, or the perceived velocity of the propagation of this dehydration front, is clearly
non-linear. As the dehydration front propagates towards the back of the board, it slows down due
to heat losses to the surroundings.
Figure 16 presents the percentage of dehydration, calculated as the time-integrated water vapor
production from each computational cell per the total initial mass of water, of the gypsum board
after 5 minutes for different distances from the wall to the burner. As the distance from the burner
to the wall increases, the depth of calcination decreases significantly and becomes insignificant at
60 cm. The differences in the final degree of dehydration profiles for the four different burner
locations displays a non-linear relationship similar to the non-linear relationship demonstrated with
the peak and total incident heat flux exposure. There is not enough data to determine if the direct
relationship between heat flux and degree of dehydration is linear or not.
6.2. Phase 2
6.2.1. Internal temperatures
Internal temperature profiles were measured using the thermocouple array embedded in the
gypsum board. An internal temperature profile was also predicted using the numerical model [2].
Comparison and analysis of these internal temperature profiles are critical since temperature is one
of the driving factors of gypsum calcination [2] [13].
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Time histories of temperature at different depths inside the gypsum board from the experimental
measurements conducted for 10 kW/m2, 20 kW/m2, 30 kW/m2, and 40 kW/m2 are shown in Figure
17 (left). Numerically predicted time histories of the temperature inside the gypsum board with
the four different heat fluxes are shown in Figure 17 (right).
The model appears to be over-predicting the temperature of the gypsum board even though the
trends in the temperature history are reasonably well predicted. The rate of increase in temperature
is over-predicted in the early stages of the numerical model compared to the actual experimental
temperature rise. After the first few minutes, the temperature inside the gypsum is well predicted
by the model. The overall over-predictions could be primarily influenced by the initial rate of
increase inaccuracies. If the numerical model predicts a greater increase in temperature than
actually recorded, the later temperatures would also be over-predicted simply because the “initial”
point after the first heating will be greater. The agreement seen in the later parts of the simulation
indicate that after the initial heating of the board, the model provides an accurate prediction of
temperatures based on an input heat flux due to agreeance with the general trend of this heating
seen in comparison to the experiment.
The computational model used for the numerical predictions used data from the thermogravimetric
analysis (TGA) of Wakili et al. [14] for the mass generation and energy absorption source terms.
A thermogravimetric analysis is a study in which an object (the specimen of interest) is heated in
a controlled environment and constantly weighted. As the specimen is heated, the changes in mass
are recorded, allowing the researcher to note how the mass of the object changes over time. For
the present study, this is important because as water evaporates, the mass of the gypsum will
change. With that evaporation, the thermal properties of the gypsum will also change over time,
meaning the values utilized for the numerical predictions are not constant. Utilizing the TGA
allows the model to accurately account for the changes in these thermal properties.
The TGA utilized was conducted using a constant heating rate of 20oC per minute. The present
study did not utilize constant heating rates, but rather a relatively constant heat flux. Additionally,
for the 40 kW/m2 test, the board had to be moved meaning that heat flux exposure was not constant.
The reaction to a variable heating rate could alter the properties in a way not properly captured by
the current TGA utilized. Detailed thermogravimetric analysis with the current gypsum board over
a range of heating rates is required to further analyze the reasons for the overprediction of
temperature.
There is also a clear spike in temperatures close to the side exposed to the heat source for the 10
kW/m2, 20 kW/m2, and 30 kW/m2 experiments around similar temperatures. This has not been
observed in the numerical predictions. The effect is not clear for the 40 kW/m2 experiment as the
rate of increase in the temperature is much higher at the temperature. Variability in the 40 kW/m2
could also be due to the gypsum having to be moved back slightly to be able to take the depth of
calcination measurements, and then moved back to the correct distance.
The commercial gypsum boards used in the study have thin paper layers. The spike in temperature
could be related to the burning of this paper layer. When the paper is burned, it undergoes a
process called pyrolysis. Pyrolysis is the decomposition of an object under high temperatures. As
the paper undergoes pyrolysis and breaks down, it releases hot, combustible gasses. These gasses
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Figure 17. Comparison of time histories of temperature at different depths inside the gypsum
board between the experimental measurements (left) and the numerical predictions (right) when
exposed to four different heat fluxes of 10 kW/m2, 20 kW/m2, 30 kW/m2, and 40 kW/m2. Depth
is measured from the side exposed to the heat source.
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could diffuse into the pores of the gypsum board. This diffusion could influence the temperatures
measured. Additionally, once the paper ignites due to the radiant heat, the burning of the paper
and transfer of heat through the board could be a cause of this temperature spike. The diffusion of
these hot gasses into the board could occur before the ignition of the paper layer, explaining why
the spike in temperature occurs earlier for depths further into the board. Currently, the numerical
model does not account for the paper layer of the gypsum boards, the boards are treated as a solid,
homogenous piece of gypsum. A lack of the paper layer under this hypothesis would explain why
the temperature spike seen in experimentation are not seen in the numerical analysis. Additional
experiments are required to understand the heat and species transfer coupled with the pyrolysis
and burning of the paper layer. Additional numerical analyses with a paper layer may also be
necessary if the pyrolysis and burning of the paper layer are in fact responsible for the spike in
temperature seen.
6.2.1. Experimental temperature at depth of calcination
Thermocouples placed every 1mm in depth inside the gypsum board allow for the visualization of
a constant temperature profile during the totality of exposure. To assess the temperature
dehydration front, a linear interpolation of temperature between the data points is carried out to
accurately determine the temperature at the depth of dehydration at the time which it was
measured. Linear interpolation assumes a linear trend between two points. Once that relationship
(or slope) is determined, the predictor (the independent variable) for which you want the value (the
dependent variable) is inserted into that equation to get the interpolated (or estimated) value.
Because many of the depth measurements were not at a point at which a thermocouple was
embedded, interpolation was required to determine the temperature at the measured depth. The
results of this interpolation are plotted in Figure 18.

Figure 18. Temperature at the measured depth of calcination at each time the depth was
measured for each of the four heat fluxes tested.
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In the initial stage, the temperature at the measured depth of calcination varies significantly. After
around 500 s, the temperature at the measured depth of dehydration is approximately 100-150 °C.
Fluctuation at 40 kW/m2 is likely due to the movement of the gypsum for measurements. This
range agrees with the thermogravimetric analysis data by Wakili et al [14], where the peak
dehydration was observed around 150 °C. The temperature for the depth of calcination is
reasonable based on previous literature [2] [13].
6.2.2. Experimental depth of calcination
Since the depth of calcination measurements are a critical tool for fire investigators to help
determine the origin of a fire, analysis of these measurements during the controlled laboratory
testing is critical. The depth of calcination measurements and their rate of change for all four heat
fluxes are analyzed graphically. The results are displayed in Figure 19.
The rate of change of the measured depth of calcination is not constant over time. Small
fluctuations could be due to the experimental uncertainties. There could also be inconsistencies
throughout the board, causing a small variation in the measurements taken. Once a board is
measured calcinated at a particular depth, it couldn’t be measured as less calcinated at that same
point. Variations in the board, measurement sites, and small variabilities with the actual
measurement taken could account for the variability seen. However, the general trend of
increasing depth of calcination is accurately recorded. As expected, the rate of change of the
measured depth of calcination is highest at the higher heat fluxes. For 10 kW/m2 and 30 kW/m2,
the measurements appear to plateau at a maximum value, whereas the 40 kW/m2 measured
completely through the board 21 minutes into the experiment. The 20 kW/m2 was not able to reach
a plateau due to having to end the experiment early due to data recording issues.

Figure 19. Depth of calcination measurements for each uniform heat flux. 12mm is considered
through.
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Because the depth of calcination is assumed to somehow related to the propagation of the
dehydration front through the board, the experimental measurements show the velocity of
propagation of the dehydration front is non-linear. This is similar to the velocity of the propagation
of the dehydration front observed in the numerical predictions of Kozhumal et al. [2] and as found
in the Phase 1 numerical work [7].
6.2.3. Degree of dehydration
The degree of dehydration of the gypsum board, presented as a percentage of the original moisture
content that has been evaporated from the board, has been predicted numerically for all four tested
heat fluxes using the computational model from Kozhumal et al. [2]. The four heat fluxes used
during the experimentation was used as the heat flux boundary condition values for the model.
Figure 20 – Figure 23 show the propagation of dehydration front through the gypsum board as
predicted by the gypsum thermochemistry model. It can be observed that an increase in heat flux
results in an increase in the rate of dehydration, with the rate of dehydration in the 40 kW/m2 is
the greatest. This agree with the numerical work completed in Phase 1 [7], which found that when
the incident heat flux is maximum, the gypsum dehydrates rapidly. The non-linearity is also
apparent and agrees with the findings from Phase 1 [7].
The initial dehydration is slow as the gypsum board is initially at room temperature. More heat
energy is going into heating the board and its surroundings than evaporating the water. After
around six minutes, the dehydration front propagates faster as the board and water have reached a
much higher heat. As it moves towards the rear side, it slows down due to the heat losses to the
ambient side.
The comparison of percentage of dehydration at different depths in the board with the measured
depth of calcination is of particular interest to help determine what is considered calcinated while
using the model. When comparing the depth of calcination measurements to the percentage of
dehydration graphs, it is clear that the board is calcinated well before the percentage of dehydration
predicted plateaus around 77 % (the end of the first part of the calcination reaction). This suggests
the gypsum board need not be entirely calcinated in order for it to allow the constant pressure depth
caliper to go through it. However, accurate quantification of the percentage of dehydration
required for the constant pressure depth caliper to record the depth as calcined requires further
testing.
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Figure 20. Profile for the depth of calcination
at different times with a heat flux of 10
kW/m2. The distance along the thickness of
the gypsum board is shown in the x-axis,
where 12 mm represents the side exposed to
the fire.

Figure 21. Profile for the depth of calcination
at different times with a heat flux of 20
kW/m2. The distance along the thickness of
the gypsum board is shown in the x-axis,
where 12 mm represents the side exposed to
the fire.

Figure 22. Profile for the depth of calcination
at different times with a heat flux of 30
kW/m2. The distance along the thickness of
the gypsum board is shown in the x-axis,
where 12 mm represents the side exposed to
the fire.

Figure 23. Profile for the depth of calcination
at different times with a heat flux of 40
kW/m2. The distance along the thickness of
the gypsum board is shown in the x-axis,
where 12 mm represents the side exposed to
the fire.
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7. Conclusions
Numerical investigations on the wall heat flux and depth of calcination in the presence of a propane
burner at different locations have been performed in Phase 1 of the present study. A threedimensional computational domain has been developed using FDS. The model has been tested to
ensure domain and mesh independence, and the predictions have been validated by comparing
with experimental measurements available in the literature. Wall heat fluxes caused by a 100-kW
fire from a propane burner placed at four different distances from the wall have been analyzed. A
validated in-house one-dimensional unsteady computational model is used for the prediction of
depth of calcination with the incident heat flux from the fire simulations as boundary conditions.
This model was created by Kozhumal et al. [2].
The history of the propagation of the dehydration front through the gypsum board is predicted.
The predicted depth of calcination with a square burner located at different distances from the wall
have been analyzed. Significant calcination is observed when the burner is close to the wall.
However, when the burner is 60 cm from the wall the incident heat flux is not sufficient for any
significant calcination of the gypsum board. There is a non-linear decrease in the peak heat flux
as the burner is moved away from the burner linearly. It is clear from the cases where the burner
was flush to the wall that the plume provided a significant source of radiative heat to the gypsum
board. The results of this phase were presented and published at the 2020 Spring Technical
Meeting of the Eastern States Section of the Combustion Institute [7].
Numerical and experimental investigations of the depth of calcination due to a constant heat flux
have been performed in Phase 2 of the present study. Numerical predictions are performed using
the validated numerical gypsum thermochemistry model created by Kozhumal et al. [2] and
utilized in Phase 1 of the present study. Experimental values were found through controlled,
laboratory-scale experiments. During these experiments, gypsum board was exposed to four
different constant heat fluxes of 10 kW/m2, 20 kW/m2, 30 kW/m2, and 40 kW/m2 in separate
experiments. The internal temperature profile is recorded using an array of 12 thermocouples,
placed at 1 mm incremental depths inside the gypsum board, and the depth of calcination is
measured using a constant force depth caliper.
The temperature values from the numerical model and experimental results are compared. It is
found that the model over-predicts the rate of change of temperature inside the board in the early
stages and well predicts the rate of change of temperature after the initial few minutes. The
temperature at the depth of calcination is examined, and it is found that the temperature of the
calcination front is within 100 °C and 150 °C, which agrees with the literature [2] [13]. The rate
of calcination is evaluated based on the heat flux and is found to increase as the heat flux increases,
which agrees with Phase 1 of the present study [7]. The experimental measurements show the
propagation of the dehydration front is highly non-linear as predicted numerically and as found in
Phase 1 of the present study. Depth of calcination measurements are compared to the percentage
of dehydration predicted by the model. It is found that the board is measured as calcinated before
the first part of the calcination reaction is completed (percentage of dehydration plateaus around
77%). However, further analysis is required to reliably correlate the percentage of dehydration
with the depth of calcination. The results of this phase were presented and published at the 12th
US National Combustion Meeting organized by the Central State Section of the Combustion
Institute in May 2021 [11].
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8.

Publications and Presentations from Study

8.1. Publications:
E. A. Fowlie, T. Borth, G. E. Gorbett, H. Sezer and S. P. Kozhumal, "Experimental and
Numerical Investigation of Gypsum Calcination under Fire Exposure," in 12th US National
Combustion Meeting, College Station, 2021.
E. A. Fowlie, H. Sezer, G. E. Gorbett and S. P. Kozhumal, "Numerical Investigation of Heat
Transfer and Gypsum Calcination under Fire Exposure," in Eastern States Section of the
Combustion Institute Spring Technical Meeting, Columbia, 2020.
8.2. Presentations
Experimental and Numerical Investigation of Gypsum Calcination under Fire Exposure
Location: Fall 2021 Honors Thesis Conference, at Eastern Kentucky University,
Richmond KY, November 2021
Experimental and Numerical Investigation of Gypsum Calcination under Fire Exposure
Location: 12th US National Combustion Meeting, at Texas A&M University
(Virtual), College Station TX, May 2021
Numerical Investigation of Heat Transfer and Gypsum Calcination Under Fire Exposure,
Location: 2020 Spring Technical Meeting of the Eastern States Section of the
Combustion Institute, at University of South Carolina, Columbia SC, March 2020
Numerical Investigation of Heat Transfer and Gypsum Calcination Under Fire Exposure,
Location: Kentucky Honors Round Table, at University of Louisville, Louisville
KY, February 2020

9. References
[1] National Fire Protection Association, NFPA 921: Guide for Fire and Explosion
Investigations, Quincy, Massachusetts, 2021.
[2] S. P. Kozhumal, W. D. Hicks and H. Sezer, "Numerical Investigation of Gypsum ThermoChemistry under Fire Exposure," in 11th US National Combustion Meeting, Pasadena, 2019.
[3] G. King, J. Beretka and M. Ridge, "Chemical Changes in Slabs of Cast Gypsum during
Standard Tests of Resistance to Fire," Journal of Applied Chemistry and Biotechnology, vol.
21, no. 6, p. 159–162, 1971.
[4] L. Andesson and B. Jansson, "Analytical Fire Design with Gypsum – A Theoretical and
Experimental Study, Report FSD87-MG001," Fire Safety Design, Malmo, Sweden, 1987.
[5] J. Mehaffey, P. Cuerrier and G. Carisse, "A Model for Predicting Heat Transfer through
Gypsum-Board/Wood-Stud Walls Exposed to Fire," Fire and Materials, vol. 18, no. 5, pp.
297-305, 1994.
[6] M. Sultan, "A Model for Predicting Heat Transfer Through Noninsulated Unloaded SteelStud Gypsum Board Wall Assemblies Exposed to Fire," Fire Technology, vol. 32, no. 3, p.
239–259, 1996.
29

Experimental and Numerical Investigation of Gypsum Calcination under Fire Exposure
[7] E. A. Fowlie, H. Sezer, G. E. Gorbett and S. P. Kozhumal, "Numerical Investigation of Heat
Transfer and Gypsum Calcination under Fire Exposure," in Eastern States Section of the
Combustion Institute Spring Technical Meeting, Columbia, 2020.
[8] S. Carman, "Burn Pattern Development in Post-Flashover Fires," in International
Symposium on Fire Investigations, Sarasota, 2008.
[9] A. Tinsley and G. Gorbett, "Fire Investigation Origin Determination Survey," Fire and Arson
Investigator-Journal of the International Association of Arson Investigators, pp. 24-40,
2013.
[10] G. E. Gorbett, "Computer Fire Models for Fire Investigation and Reconstruction," in
International Symposium on Fire Investigation Science and Technology, 2008.
[11] E. A. Fowlie, T. Borth, G. E. Gorbett, H. Sezer and S. P. Kozhumal, "Experimental and
Numerical Investigation of Gypsum Calcination under Fire Exposure," in 12th US National
Combustion Meeting, College Station, 2021.
[12] O. Axenenko and G. Thorpe, "The Modelling of Dehydration and Stress Analysis of Gypsum
Plasterboards Exposed to Fire," Computational Materials Science, vol. 6, no. 3, p. 281–294,
1996.
[13] C. Ang and Y. Wang, "The Effect of Water Movement on Specific Heat of Gypsum
Plasterboard in Heat Transfer Analysis under Natural Fire Exposure," Construction and
Building Materials, vol. 18, no. 7, p. 505–515, 2004.
[14] K. G. Wakili, E. Hugi, L. Wullschleger and T. Frank, "Gypsum board in fire - modeling and
experimental validation," Journal of Fire Sciences, vol. 25, pp. 267-282, 2007.
[15] D. Kontogeorgos and M. Founti, "Numerical investigation of simultaneous heat and mass
transfer mechanisms occurring in a gypsum board exposed to fire conditions," Applied
Thermal Engineering, vol. 30, pp. 1461-1469, 2010.
[16] G. Back, C. Beyler, P. Dinenno and P. Tatem, "Wall Incident Heat Flux Resulting from an
Adjacent Fire," Fire Safety Science, pp. 241-252, 1994.
[17] "Fire Dynamics Simulator Technical Reference Guide, Volume 3: Validation," NIST 10183.
[18] D. G. C. Mealy, "A Study of Calcination of Gypsum Wallboard," in International
Symposium on Fire Investigations, Adelphi, MD, 2012.

30

